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[57] ABSTRACT

Aircraft input signals of selected altitude (h,). selected
vertical speed (h,), current altitude (h). current vertical speed
(fl), current pitch attitude (8), current normal acceleration
(N_) and current pitch rate (Q) are processed to produce an
elevator command (0,) that will result in a smooth vertical
transition of the aircraft for various autopilot vertical
maneuvers, including altitude capture and hold, glideslope
capture and hold, and flare control.

18 Claims, 6 Drawing Sheets
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1

AIRCRAFT VERTICAL POSITION CONTROL
SYSTEM

FIELD OF THE INVENTION

This invention relates generally to flight control systems
for aircraft and, more particularly, to an apparatus and
method for generating an elevator command to control the
aircraft to a desired vertical trajectory.

BACKGROUND OF THE INVENTION

Automatic flight control systems for aircraft have for
many vears included the capability of causing the aircraft to
automatically capture and hold a selected altitude or glides-
lope. This has typically been accomplished by an autopilot
that computes signals that cause the aircraft control surfaces
to perform according to the control laws implemented within
the autopilot. These systems have performed with varying
degrees of success. Some autopilots are at least somewhat
deficient in performance, though, due to an inability to
effectively handle certain initial engage conditions. For
instance, if the aircraft were outside the selected altitude
capture limits imposed by the control law, then automatic
capture would be impossible, or, if possible, would produce
a flight path that could only be accomplished in an extended,
oscillatory manner, or that exceeds desirable g limits.

Therefore recent antopilots compute a circular flight path,
or command frajectory in space, to which the autopilot
controls the aircraft. Using a circular computed trajectory
allows the autopilot to limit the acceleration force on the
aircraft during the maneuver to a constant g force and to
eliminate oscillatory behavior. However, the transition from
constant g force to zero g force is abrupt at the end of the
maneuver, causing transients in the aircraft response.

Another disadvantage of current systems is that separate
computation methods (i.e., control laws) are required for
generating a command trajectory and its corresponding
control commands for different modes of aircraft
maneuvers, €.g., altitude capture and hold, glideslope cap-
ture and hold, and flare control. These mancuvers are all a
form of vertical position control. Using separate control
laws for these maneuvers is inefficient in that it requires

additional analysis and implementation components.
Further, separate control laws cause an increase in autopilot

computation time and in the likelihood of potential tran-
sients.

SUMMARY OF THE INVENTION

The present invention provides a vertical position control
system ideally suited for use during various vertical control
maneuvers, including altitude capture and hold, glideslope
capture and hold, and flare control. The aircraft vertical
position control system apparatus receives input signals of
selected altitude, selected vertical speed, current altitude,
current vertical speed, current pitch, normal acceleration,
and current pitch rate. Such input signals are processed to
produce an elevator pitch command resulting in a smooth
non-oscillatory transition from the aircraft’s current flight
path to the new flight path. The system of the present
invention also limits the acceleration forces experienced by
the aircraft in order to avoid passenger discomfort and

undesirable stress on the airplane.

In accordance with the control law of the vertical position
control system of the present invention, an optimal com-
mand trajectory altitude and vertical speed are calculated
and compared with the aircraft’s current altitude and vertical
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speed to form a proportional pitch attitude command. The
proportional pitch attitude command is combined with an
integral pitch attitude command formed in an integral path
to produce an overall pitch attitude command. The overall

pitch attitude command is compared to the current pitch
attitude to obtain the pitch error. The pitch error, current
normal acceleration, and current pitch rate are modified by
appropriate filters and are then combined to produce the
elevator command. Elevator adjustment based on the result-
ing elevator command causes a smooth, non-oscillatory
transition from the aircraft’s current flight path to the new
flight path.

A command processor computes the command trajectory
in terms of commanded altitude and commanded vertical
speed based on the input signals to the vertical position
control system. A first combiner subtracts the current alti-
tude from the commanded altitude to produce a differential
commanded altitude signal. A second combiner subtracts the
current vertical speed from the commanded vertical speed to
produce a differential commanded vertical speed signal. A
third combiner combines the differential commanded alti-
tude signal (as modified by an attitude gain factor) with the
differential commanded vertical speed signal (as modified
by a vertical speed gain factor) to produce the proportional
pitch attitude command.

Stated in more general terms, the command processor
includes a transfer function having a second order filter with
first and second lead terms to thereby eliminate steady state
error in commanded altitude and commanded vertical speed
during ramp inputs for selected altitude. These features
allow the vertical position control system to be used during
various vertical maneuvers. The command processor further
includes synchronization of the initial values of the current
altitude and vertical speed logic. limiting and adjusting the
commanded vertical acceleration of the aircraft, and logic
for varying the damping ratio. These aspects work to limit

the acceleration forces experienced by the aircraft and
passengers.

In accordance with yet other aspects of the present
invention, the acceleration of the aircraft is varied according
to the natural frequency @,, which is a function of at least
one of the following system parameters: current altitude,
current vertical speed, selected altitude, and selected vertical
speed. The damping ratio is also preferably adjusted as a
function of the above terms.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same becomes better understood by reference to the
following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

FIGS. 1a and 15 illustrate exemplary command trajecto-
ries generated using a vertical position control system
formed according to the teachings of the present invention;

FIG. 2 is a diagram of a vertical position control system
formed in accordance with the present invention, showing
the formulation of proportional, integral, and elevator sur-
face commands;

FIGS. 3a, 3b, and 3¢ are control diagrams of a command
processor formed according to the teachings of the present
invention;

FIG. 4 illustrates various command trajectories that are
produced according to the operational state of the aircraft
when a new flight path is selected; and

FIG. S is a flow chart that can be used for setting initial
values of the command processor of FIG. 3e.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

As is conventional, the invention herein is illustrated and
described partially in the form of a control law containing
discrete blocks designed to accomplish specific functions. It
is to be understood that the invention can be actually
implemented in various ways. For example, the various
functions and means of the illustrated control law can be
carried out by a suitably programmed digital computer
system. Alternatively, the functions can be carried out by
digital or analog circuits.

With reference to FIGS. 1a and 15, during normal flight
conditions of an aircraft 16, there may be instances where a
very large change, or step input, in altitude and/or vertical
speed is required. Obviously, the aircraft is not capable of
immediately making such a large change. Therefore, a
command trajectory 22 based on a changing commanded
altitude h_ and commanded vertical speed h_ is established
to guide the aircraft vertically so as to perform a smooth
transition from the current flight path 18 to a new flight path
20. A key feature of the present invention is the formulation
of the commanded altitude h_ and commanded vertical speed
h, used to determine proportional pitch attitude command
AB_. which will result in adjustment of the aircraft control
surfaces, such as elevators, so that the aircraft will follow the
desired trajectory.

Still referring to FIGS. 1a and 15, flight of the aircraft 16
along flight path 18 is determined in part by a set of vertical
parameters that characterize its vertical orientations, includ-
ing current aircraft altitude h and vertical speed h. When a
signal (e.g.. a new selected altitude h, and/or new selected
vertical speed h,) is generated to instruct the autopilot to
guide the aircraft 16 to a new flight path 20, the system of
the present invention computes the commanded altitude h_
and vertical speed h_ that results in the command trajectory
22. Such trajectory allows the aircraft to transition to or
“capture” the new path 20. When the initiating signal is
generated, that time is generally referred to as time t=0, or
the time of engagement. By considering a variety of factors,
discussed below, the aircraft 16 is caused to follow a smooth,

non-oscillatory transition from one flight path to another;
unencumbered by excessive g forces or steady-state errors.

It should be understood that the signal for initiating a
transition between a current flight path 18 and a new path 20
is external to the vertical position control system and may

come from various sources. For example, the pilot may
directly command the new path 20 via flight deck controls
(e.g., via altitude select knob, approach knob, rite vertical
speed mode select, etc.), or the signal may come from a
flight management computer, or, the signal may be received
from other sources such as a remote controller through a
communication link.

FIG. 1z illustrates an example of a vertical operation
starting at a constant climb and transitioning to a constant
flight altitude. The initial conditions are defined by the flight

path 18 having one set of characteristics, where h is increas-
ing and h is constant. The new path 20 has another set of
characteristics, where h =a constant>h and h, is a constant=
0. This type of vertical operation is frequently required
during altitude capture and subsequent hold. FIG. 1b illus-
trates an example of a vertical operation starting at steady
vertical speed and transitioning to a different steady vertical
speed. Here, the initial conditions are defined by the flight
path 18 having one set of characteristics, where h is decreas-

ing and h=constant; and the new path 20 in which h_ is

10

15

20

25

30

35

45

50

33

65

4

decreasing at a different rate (h =a different constant). This

type of vertical operation is frequently required during

glideslope capture, glideslope hold, and flare maneuvers.
With reference to FIG. 2, the aircraft vertical position

control system 23 in accordance with the present invention
processes input signals of selected altitude h,, selected

vertical speed h_, current altitude h, and current vertical
speed h, to produce signals of commanded altitude h_ and

commanded vertical speed h_. The commanded altitude and
vertical speed signals are combined with current altitude and
vertical speed to produce a proportional pitch attitude com-
mand AQ,. The current vertical speed and altitude values
used by the system of the present invention may be pre-
sented in various forms and may come from various sources,
including stored data, instantaneous sensor data, computed
inertial or air data, or an analysis based on multiple sources.

The command processor 24 produces values for h_ (ft)

and h_ (ft/sec) that will result in the aircraft following the
optimal command trajectory 22 for a particular situation. A
first combiner 26 subtracts the current altitude h from the
commanded altitude h_ to produce a differential commanded
altitude signal Ah_. The term “‘combiner” is to be broadly
interpreted, and includes signal combination in the digital or
binary sense so that it includes addition, subtraction,
multiplication, and division. These combiners may comprise
analog devices, such as summing amplifiers or transistors, or
they may comprise digital devices, such as binary adder-
subtracters, comparators, or shift registers in an arithmetic
logic unit of a central processing unit. In the preferred
embodiment, combiners are summing junctions.

A second combiner 28 subtracts the current vertical speed
h from commanded vertical speed h_ to produce a differen-

tial commanded vertical speed signal Ah_. As indicated at
blocks 29 and 31, the differential commanded altitude signal
Ah_ and the differential commanded vertical speed signal A
h_.. are respectively modified (multiplied by an altitude gain
K, and a vertical speed gain K;. The values of K, and K,
should preferably be based, at least in part, on inverse true
airspeed (1/V ). The values for K¢ and K, may be related
in any manner desirable, depending on the particular appli-
cation. For a Boeing 777-200 aircraft, the optimum value of
K; has been found to be related to K, by the following
equation,

K;=0.5 K;+0.2,

where K,=0.038+15/V ., (Where V ., ¢ is true airspeed).
A third combiner 30 adds the modified differential vertical
speed signal 61 to the modified differential commanded
altitude signal 33 to produce a proportional pitch attitude
cornmand AQ,_, preferably in units of degrees. As can be seen
in FIG. 2 the modified differential commanded altitude
signal 33 branches to a separate path and is multiplied by a
gain K, at block 60 and an integrator 62, The result is the
integral pitch attitude command JAQ,_ which is summed with
the proportional pitch attitude command AQ_ to produce an
overall pitch attitude command €_. The loop modifying the
differential commanded altitude signal 31 functions to pro-
vide zero steady state error on the vertical position and is
generally referred to herein as an integral path. It is seclected
from only the altitude portion of the proportional pitch
attitude command AQ. because the altitude steady state
control is desired in altitude, glideslope and flare maneuvers.
A fourth combiner 68 determines the difference between
the pitch attitude command 0. and the current pitch attitude
0. The difference is the pitch emror E,. The difference
between the optimum pitch attitude 6, and the actual pitch
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attitude 0 is then multiplied by a gain [, at 72 to form a pitch
attitude error signal 73, the purpose of gain J, being to
enable the altitude control bandwidth and to appropriately
augment the aircraft’s short period response, and is prefer-
ably a function of impact pressure.

A fifth combiner 74 combines the pitch attitude error

signal 73 with a filtered normal acceleration signal 79 and a
filtered current pitch rate signal 81 to produce an elevator

command §,. Signal 79 is preferably produced by modifying
the current normal acceleration N, by a function | ~(8) at
multiplier 76, designed to augment the short period fre-
quency and damping. Signal 81 is preferably formed by
modifying the current pitch rate Q by a function J(s) at
multiplier 78, designed to enable the altitude control band-
width and appropriately augment the short period frequency

and damping.

Transfer functions and/or shaping filters may be applied at
other points in the present invention as required by a
particular application or as preferred for a particular effect.

As mentioned above, the elevator command o, generated
by the vertical position control system 23 is used to adjust
the elevator position, which subsequently affects aircraft
pitch performance. Analog or digital sensors track the alti-
tude h and vertical speed h of the aircraft and thereby sense
changes in aircraft altitude and vertical speed caused by the
movement of the elevators. In this manner, the inputs to the
vertical position control system 23 serve as system feedback
when re-entered into the vertical position control system 23.

The concepts of gains and/or of transfer functions are
used at several points throughout the system and method of
the present invention as depicted in the preferred embodi-
ments. The concept of a transfer function as used herein is
to be interpreted broadly to include time lags or unit step
functions, amplification (linear or non-linear), attenuation.
ramp functions, integration, gains, and the like. These trans-
fer functions in their various forms often are expressed
mathematically in Laplace transform notation and can be
realized in analog or digital form. Examples of analog means
include linear amplifiers, capacitors, inductors, resistors and
networks including some or all of these devices. Examples
of digital means include binary adder-subtractors,
comparators, inverters, controlled counters, and digital pro-
cessors that sequentially process digitally encoded data.

The following discussion concerns the preferred com-
mand processor of the preferred vertical position control
system 23 and is divided into four sections. The first section
discusses the basic structure and control laws of the com-
mand processor 24 of the present invention. The second
section discusses the additional portions of the command
processor for elimination of steady state error that otherwise
would result in response to a ramp altitude mput. The third
section addresses the selection of a natural frequency to
control maximum acceleration commanded by the command
processor and the use of acceleration limiting terms. The
fourth section discusses the formation of initial condition

values and how terms are sct to those initial condition
values.
1. Basic Structure of the Command Processor

FIGS. 3a, 3b, and 3¢ are control diagrams illustrating
various aspects of the command processor 24. Specifically,
FIG. 3c shows the preferred command processor 24. FIG. 3a
is a control diagram of the command processor 24 in its
simplest or basic form and FIG. 3b illustrates the invention
embodied for elimination of steady state error. In each of the
depicted arrangements, the command processor 24 receives
the value of selected vertical altitude h, to determine the
commanded vertical altitude h_, and commanded vertical

speed h_.
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In FIG. 3q, the input to the command processor 24 is the
selected altitude h, which is the altitude of the extrapolated

new flight path 20 directly above or below the aircraft 16
(see FIGS. 1a and 1b). The selected altitude h, is supplied to
a combiner 32 which produces an error signal E by sub-
tracting a feedback component FB from the selected altitude
h.. Determination of FB is discussed below. The error E is
preferably multiplied by the square of the natural
(undamped) frequency, ©, %, at multiplier 34. The result is an
intermediate commanded vertical acceleration h',. Next,
h'_ is integrated by a first integrator 36 to produce an
intermediate commanded vertical speed h'.. Then h', is
integrated by a second integrator 38, resulting in an inter-
mediate commanded vertical altitude h'..

The feedback component FB results from the sum
(provided by at combiner 42) of the intermediate com-

manded vertical speed h', as modified at a multiplier 40, with
the intermediate commanded vertical altitude h',. The pre-
ferred modification of the imtermediate commanded vertical

speed h'_ is its multiplication by

20
O

in units of sec/radians, where ®,, is the natural frequency and
{ is the damping ratio of the resulting control law.

It can be noted that the control diagram of FIG. 3a can be
mathematically expressed as a second order filter function of

the form:

B (1y=0,2[ b, (0-h' )| -2L @b (1) (1)

Taking the Laplace transform of equation (1) yields the
following equation.

0)”2&‘{1) (2')

X B 40) + K o(0)s + 20w
52 + 2L 0 + W2

Kels)= 52 + 2L s + 2

The first term of equation (2) expresses system response
due to the selected altitude input h,, whereas the second term
of equation (2) expresses system response attributable to the
initial conditions; h' (0) and h' (0) being the initial values of
the commanded altitude and commanded vertical speed, at
t=0, which is the time of engagement.

2. Removal of Steady State Error in Response to a Ramp
Input

To allow transitioning of the aircraft to a new path 20
during a variety of vertical maneuvers, a vertical position
control system must accommodate commands to transition
from one vertical speed to a new selected vertical speed, as
well as commands to transition between a current and
selected altitude. However, if the input sclected vertical
speed is a constant such that the altitude is a ramp input with
a slope of h,_ (i.e.. h(t)=h (0rh,t)), the response of the
transfer function set forth in equations (1) and (2) will
include a steady state error e, equal to

2h,
On

for C=1.

FIG. 3% illustrates the arrangement by which the inven-
tion eliminates the steady state error e, from commanded
vertical speed h_. In FIG. 3b, the intermediate commanded

vertical acceleration h'_is modified at multiplier 43 by a first
lead term and combined at a combiner 44 with the interme-
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diate commanded vertical speed h’_ to form the commanded
vertical speed h_. Thus, the commanded vertical speed h_. of
FIG. 3b differs from the intermediate commanded vertical

speed h'_ of FIG. 3a in that h_ includes a term involving the
rate of change in commanded speed change, i.e., the inter-

mediate commanded vertical acceleration h’_. In the cur-
rently preferred embodiments, the first lead term of multi-
plier 43 is equal to

26

Dy

(in units of seconds).
In a similar manner, to eliminate e, from commanded
vertical altitude h_, the intermediate commanded vertical

speed h'_ is modified at multiplier 46 by a second lead term
and combined at combiner 48 with the intermediate com-
manded vertical altitude h', to produce the commanded
vertical altitude h_.. The second lead term of multiplier 46 is
also preferably equal to

26

O

(in units of seconds). Comparing the basic arrangement of
FIG. 3a with FIG. 3b, it can be noted that the commanded
vertical altitude signal h, of FIG. 3b differs from the
intermediate commanded vertical altitude signal h'.. of FIG.
3a by inclusion of a signal component that is related to the
intermediate commanded vertical speed h'...

When the first and second lead terms of multipliers 43, 46

are equal to

2

(Dyy

and { equals 1, the time domain equations that describe
signal processing accomplished by the command processor
of FIG. 3b are as follows:

' (3)
2h{0) ]m—
% .

[He(0) + hy + B {OXy — bty 2o

h,(r)=h,+f:,r+ [h‘;(D)—h,+

he(t) = hy + [—hy + 200mhy — 200 {0) — 3K (Ol +
OB (0) — by — oty + Qe {O) Jte

K o(6) = [30n2h'(0) — 302h, + 40uH L0) + 20y} Je " —
OnZ[H'c(0) + Ity + W' o(0) — gty |t

These equations define the command trajectory 22 profile
that the aircraft 16 will follow when guided by the vertical
position control system 23 of the present invention.

The Laplace transform of equation (3) may be expressed
as follows:

2L (6)

+ — J;'c(:)

2
huls) = Wy“hy(s) =

52 4 20 (s + (O

The term { is the damping ratio and is generally related to
how fast the vertical position control system 23 controls to
the commanded vertical position. The damping ratio may be
set to any desirable constant or may be a variable, calculated
at the time of engagement or other convenient time. For the
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Boeing 777-200, the optimal value of tho damping ratio
may be computed for the vertical maneuver of altitude
capture and subsequent hold using the following expression:

L 140k, —A(O)P(0.001)+1.0 (7)

The optimal value of the damping ratio { for glideslope
capture and subsequent hold is:

Cars=1.0 (8)

The optimal value of the damping ratio ( for flare control
is:

C rawe=1.05 to 1.07 (9)

The command processor receives a signal of the particular
vertical maneuver desired from the autopilot mode logic
(FIG. 2) and sets the damping ratio accordingly. Typically,
the autopilot mode logic also will send the engagement
signal.

Of course, the above values are representative; other
values may be selected.
5. Selection of Natural Undamped Frequency ®,

The acceleration required to capture and hold a newly
selected altitude h, corresponds to the previously discussed

intermediate commanded vertical acceleration h'. (from
multiplier 34 in FIGS. 3a, 3b, and 3c¢). If the aircraft 16 is
a substantial distance above or below a selected altitude h_,
it should experience only minimal acceleration, since
gradual and constant ascent or descent may be used to bring
the aircraft 16 to the selected altitude. Such distances define
region 1, shown in FIG. 4. As the aircraft 16 reaches a point
nearer to the selected altitude, the aircraft will experience
larger accelerations while altering the flight path and
attempting to capture the selected altitude h,. Region 2 of
FIG. 4 represents these distances. Nearer yet to the selected
altitude h_, it may not be possible for the aircraft 16 to
capture a selected altitude without first overshooting it and
without unacceptable g forces being applied. Such distances
define region 3 of FIG. 4.

Because excessive acceleration, i.e., rapid transition to a
new flight path, can cause discomfort for those flying inside
the aircraft 16 and undue stress on a multitude of aircraft
components, it is necessary to limit the amount of accelera-
tion caused by a vertical position control system. The goal
is to approach the new flight path at a vertical speed which
decreases exponentially and therefore maintain a com-
manded maximum vertical acceleration. The value at mul-
tiplier 34, which is preferably related to natural frequency
®,,, is the key to controlling the resulting acceleration, since
it 1s the multiplier of the error term E that results in the

intermediate commanded vertical acceleration term h'_.
The present invention uses a combination of techniques to
adjust the value of intermediate commanded vertical accel-
eration term h'_, including varying the natural frequency ©,_
and absolute limiting. Both of these techniques are discussed
in detail below and are accomplished at the time of engage-
ment. In general, the natural frequency @, of the command

processor 1s determined according to the position of the
aircraft within the various regions, which in turn, are defined
according to the selected altitude h, and/or selected vertical

speed h,. When the natural frequency is determined in the
hereinafter described manner, the intermediate vertical

acceleration term h'_ is adjusted to efficiently capture a
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selected altitude without exceeding appropriate limits of
vertical acceleration.
The derivation of the equations below s not included

herein, but may be computed according to generally known
principles of mathematics and control theory, when the 5
following definitions and initial conditions (boundary
conditions) are observed:

h(0) = atrplane altitude (ft) at the time of engagement,
£(0) = HO)
h(0) = airplane vertical speed (ft/sec) at the time of engagement,

ho(0) =

10
1O),

I _ 2 T
h,_.{ﬂ}--h(())—T k' (0}, and 15

i (0) = h(0) — 200u[h, — AO)],

where @, is calculated as follows and C is set to 1 for
simplicity.

Region 1 is a linear engagement start region. When the
autopilot is signaled to accomplish a vertical maneuver and
the aircraft is within region 1, the vertical position control
system via the command processor will produce an elevator
command that results in the experienced aircraft acceleration

being between a lower maximum acceleration limit h,,,,
tower and a higher maximum acceleration Limit h,,.,. ;.50
The altitudes bounding region 1 thus correspond to the
vertical distance required in order to transition to the new
flight path while experiencing vertical acceleration of

between hma.t lower and hmx higher
Mathematically, region 1 lies within the following alti-

tudes:

20

23

30

35
2[A(0) — h,P 2AR0) - bz (19
h,-——,[,-}-l(—-z-——!— 2 Region 1 altitudes < &, — [h()—]
hmhmr: hmh'.ﬂurr

Where e is the natural logarithm (approximately 2.781),
h__,  ispreferably a constant setto 2005 g (i.e., 1.6 ft/s%),
and ‘H"m nigner 18 preferably a constant set to +0.1 g (ie,
+3.2 ft/s*), the sign of either maximum acceleration depend-
ing on whether the aircraft is ascending or descending to
capture the new flight path.

If the aircraft’s position is within region 1, then the natural 45
frequency o, of the command processor 24 is set as follows:

_ 2[4(0) - k] (11
u)l'l - ;i.'___ EEG)
Likewise, region 2 of FIG. 8 may be mathematically
expressed as lying between the following altitudes:

50

(O — B 12 2 (1)
h,—M = Reg1m231t1tudes(h,—M—
hmax,ﬁghdn 2[%&:;“] 33

If the aircraft’s position is within region 2 at the time of
engagement, then the intermediate commanded vertical
acceleration h', is preferably limited to the higher maximum

desirable vertical acceleration. €0

B (O R, higher (13)

This limiting of intermediate commanded vertical accel-

eration is accomplished by the command processor by
setting the value of intermediate commanded vertical accel-

eration equal to h,,., ;.n When an altitude change com-
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mand is initiated and the aircraft is in operational region 2.
Diagrammatically, this is indicated in FIG. 3¢ by a two-
position switch 50. When the switch 50 changes state to
supply a h,___ signal to the first integrator 36. additional
switches 52 and 54 of FIG. 3¢ are activated so that the signal
supplied to combiner 44 is zero (instead of the signal
supplied by multiplier 43) and the signal supplied to com-
bining unit 48 is also zero (instead of the signal supplied by
multiplier 46). The value of (0, is allowed to continue at its
last value, since the transfer function is interrupted by

switches 50, 52 and 54, and ®, no longer affects h_ or h,.. The
above actions cause the command processor to command a
constant maximum vertical acceleration and to command a

vertical speed command h_ and altitude command h_ based
upon first and second integrals, respectively, of the maxi-
mum commanded acceleration.

Once the following condition is satisfied,

[A(t") — h,]2 (14)

hm, higher

the natural frequency ©, of the command processor 24 is set
as follows:

hy — R(1*) =

k{t"‘} (15)

""'T:W*

where ¢* = the time at which equation (14) 1s satisfied.

and the switches §0, 52, and 54 are restored so that the
system corresponds to FIG. 3b and linear operation starts.

Region 3 of FIG. 4 may be mathematically expressed as
lying between the following altitudes:

[#(0) - h,2 (16)
zhma.t. hagher
If the aircraft’s position is within region 3 at the time of
engagement, then the intermediate commanded vertical
acceleration h'_ is limited to the higher maximum desirable
vertical acceleration and switches 50, 52 and 34 are switched
on.
To minimize the overshoot experienced in capturing the
selected altitude h_, the switches 50, 52, 54 remain on until
the following condition 1s met:

hy — = Region 3 altitudes = A,

f(1*)—h =0 (17)

at which time the switches 50, 52, and 54 are switched off,
and the natural frequency is set to:

) (18)
Poucx, higher

[h ~ B(1%)]

where ¢* = the time at whach equation (17) 1s satisfied.

[ih:

Again, up until this time, ®, is allowed to continue at its last
value, since the transfer function is interrupted by the
switches 50, 52, and 54, and ®, no longer affects h,. or
B
It should be understood, however, that vertical accelera-
tion of the aircraft may be manipulated using any one of a
number of different methods. Part of the novelty of the
present invention lies in the use of a variable natural
frequency and not merely in the use of this particular
preferred method of computing a variable natural frequency,
although that described herein is novel also and is the

presently preferred embodiment.
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4. Setting of Initial Condition Values

At the time of engagement, the command processor 24
follows the logic shown in the preferred embodiment of a
flow chart of FIG. 5. The flow chart is useful in determining
and setting initial condition values for terms of the command
processor 24. At the start 100, the initial values of the

following are set:
h(O)=aircraft altitude (ft) at the time of engagement,

h.(0) = H(O),
h(0) = aurcraft vertical speed (ft/sec) at the tune of engagement,

he(0) = h(D),
H0) = hi0) - —— K(0), and

k' (0) = h(0) — 2waLh, — AO)],

as instructed in block 102. Next, the command processor
checks whether the aircraft 18 is within region 1 at block
104. If so, block 106 scts the value of natural frequency o,
according to equation (11); and the damping ratio C accord-
ing to the vertical maneuver as described in equations (7),
(8), or (9). The command processor returns at block 124 to
the control law of FIG. 3¢ to compute values for commanded
altitude h_ and commanded vertical speed h_. The vertical
control system uses these values to calculate the elevator
command J..

If the aircraft 18 is not in region 1, then the command
processor checks whether the aircraft 18 is within region 2
at block 108. If so, block 110 allows the natural frequency
®, to remain at its last value and sets the damping ratio {
according to equations (7), (8), or (9). Additionally, the
intermediate commanded vertical acceleration h_ is set to the
higher maximum desired acceleration h,,.., jgner bY switch
50 in FIG. 3¢, and switches 52 and 54 go to zero. The
command processor continually checks in block 112 as to
whether equation (14) is true, and when so, allows block 114
to set the natural frequency w, according to equation (15)
and switches 50, 52, and 54 turned off. In either case, the
command processor 24 returns at block 124 to compute
values for commanded altitude h, and commanded vertical
speed h_ The vertical position control system 19 uses these
values to calculate the elevator command J..

If the aircraft 18 is not in region 1, nor in region 2, then
the command processor 24 assumnes the aircraft 18 is within
region 3. Block 116 sets the damping ratio { according to
equations (7}, (8), or (9), allows the natural frequency @, to
remain at its last value, sets the intermediate commanded
vertical acceleration h'_ according to equation (13), and sets
switches 50, 52. and 54 on. The command processor 24
continually checks as to whether equation (17) is true in
block 118, and when so, allows block 120 to set the natural
frequency according to equation (18) and the switches 50,
52. and 54 to off. In either ease, the command processor 24
returns at block 124 to compute values for commanded

altitude h_ and commanded vertical speed h_. The vertical
position control system 19 uses these values to calculate the
elevator command §.,

In the above manner, the command processor initializes
values and computes the appropriate variables at the time of

engagement and throughout the vertical maneuver.
While the preferred embodiment of the invention has been

illustrated and described, it will be appreciated that various
changes can be made therein without departing from the

spirit and scope of the invention.
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The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. A vertical position control system which receives input
signals including selected altitude (h,), selected vertical
speed (h,), current altitude (h), and current vertical speed (
h), the control system including (a) a command processor

that computes a command trajectory in terms of a com-
manded altitude (h_) and a commanded vertical speed (

h,.). (b) a first combining unit for combining selected altitude
(h,) with commanded altitude (h,) to produce a differential
commanded altitude signal (Ah), (c) a first multiplier for
converting the differential commanded altitude signal (Ah)
into a proportional pitch attitude command (AG_), (d) a
smoothing integrator having an output of pitch attitude
command (0,). () a second combining unit for combining
the pitch attitude command (8,.) and a current pitch attitude
(Q) to form a pitch attitude error, and (f) a second multiplier
for filtering the pitch attitude error, characterized in that the
command processor includes a filter having a variable
damping ratio.

2. A command processor recetving input signals including
selected altitude (h,), the command processor including (a)
a second order filter that produces an intermediate vertical

acceleration command (h',), an intermediate vertical speed

command (h'.) and an intermediate altitude command (h'.)
and (b) first and second lead terms, the first lead term having
an input including the intermediate vertical acceleration
command (h'.) and the intermediate vertical speed command
(h' ) to form an output including a commanded vertical
speed (h_), the second lead term having an input including
the intermediate vertical speed command (h’_) and the inter-
mediate altimde command (h',) to form an output including

a commanded vertical altitude (h_), the first and second lead
terms for eliminating steady state error in commanded

vertical altitude (h_) and commanded vertical speed (h_) of
the second order filter during ramp inputs of selected altitude
(h.), characterized in that the filter includes a variable
damping ratio.

3. A method for creating an aircraft elevator command
signal using input signals including selected altitude (h,),
selected vertical speed (h,), current altitude (h), and current
vertical speed (h), the method including (a) computing a
command trajectory in terms of a commanded altitude (h_)
and commanded vertical speed (h_) based on the inputs
signals according to a second order transfer function, (b)
combining current altitude (h) with commanded altitude (h,)
to produce a differential commanded altitude signal (Ah ),
(¢) applying an altitude gain (K,) to the differential com-
manded altitude signal (Ah ) to form a pitch attitude com-
mand (0,), (d) combining the pitch attitude command (0,.)
with a current pitch attitude (0) to produce a pitch attitude
error (Ey), and (e) filtering the pitch attitude error (Ey) to
produce an elevator command (d,), characterized in that the
second order transfer function includes a variable damping
ratio.

4. A method of computing commanded vertical altitude
(h_) and commanded vertical speed (h_) using input signals
including selected altitude (h,), selected vertical speed (
h,), current altitude (h), and current vertical speed (h), the
method including (a) applying a second order filter to the
inputs of current altitude (h) and current vertical speed (h) to
produce the commanded vertical altitude (h_) and com-
manded vertical speed (h_), and (b) eliminating steady state
error in commanded altitude (h_.) and commanded vertical
speed (h_) of the second order filter during ramp inputs for
selected altitude (h,) by using first and second lead terms
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with the second order filter, characterized in that the second
order transfer function includes a variable damping ratio.

5. A processor for computing a commanded altitude and
a commanded vertical speed for use in an aircraft vertical
position control system, the processor receiving input sig-
nals including selected altitude (h,), the processor including
(a) a second order filter for producing the commanded
vertical altitude and commanded vertical speed, the second
order filter having a natural frequency and a damping ratio,
and (b) first and second lead terms for eliminating steady
state error from commanded vertical speed and commanded
vertical altitude due to ramped selected altitude input
signals, characterized in that the second order transfer func-
tion includes a variable damping ratio.

6. The processor according to claim 5, wherein the
processor further receives a selected vertical speed input
signal (h_) and the damping ratio is a function of the selected
vertical speed input signal (h,).

7. The processor according to claim 6, wherein the
processor further receives a current vertical speed input
signal (h) and the damping ratio is determined according to
the equation C , ,,:[40—(1'15-1':(0))]2(0.00 1)+1.0 during an alti-
tude capture maneuver.

8. The processor according to claim S, wherein the
damping ratio is equal to about 1.0 during a glideslope
capture maneuver.

9. The processor according to claim 5, wherein the
damping ratio is equal to about 1.05 to 1.07 during a flare

control maneuver.
10. An aircraft vertical position control system having a

second order filter for computing a commanded altitude and
a commanded vertical speed, characterized in that a variable
damping ratio is provided for varying the responsiveness of
the control system during intended flight maneuvers.

11. The control system according to claim 19, wherein the
vertical position control system receives a selected vertical
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speed input signal (h,) and a current vertical speed input
signal (h), and the damping ratio is set according to the
equation (, AH=[40—(1'1_,.—}}(O))] %(0.001)+1.0 during an altitude
captur¢ mancuvcr.

12. The control system according to claim 10, wherein the
damping ratio is equal to about 1.0 during a ghdeslope
capture mancuvcr.

13. The control system according to claim 10, wherein the
damping ratio is equal to between about 1.05 to 1.07 during
a flare control mancuver.

14. A method of varying how fast a vertical position
control system controls to a commanded vertical position
during flight maneuvers, the vertical position control system
receiving a selected vertical speed input signal (h,) and
including a filter having a damping ratio, characterized in
that the damping ratio varies according to different types of
right maneuvers.

15. The method according to claim 14, wherein varying
the damping ratio includes computing the damping ratio as
a function of the selected vertical speed input signal (h,)
during an altitude capture maneuver.

16. The method according to claim 18, wherein the
vertical position control system further receives a current
vertical speed input signal (h) and the damping ratio is set
according to the equation C,A,F[40—{li,-ﬁ(0))]2(0.001)+1.0
during the altitude capture maneuver.

17. The method according to claim 16, wherein varying
the damping ratio includes setting the damping ratio equal to
about 1.0 during a glideslope capture maneuver.

18. The method according to claim 14, wherein varying
the damping ratio includes setting the damping ratio equal to
between about 1.05 to 1.07 during a flare control maneuver.
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